INTRODUCTION
Diametral creep of the pressure tube (PT) is one of the principal aging mechanisms governing the heat transfer and hydraulic degradation of a heat transport system (HTS). The HTS of CANDU nuclear reactors experiences timedependent dimensional changes in the PTs through a creep mechanism. In particular, PT diametral creep leads to diametral expansion, which affects the thermal-hydraulic characteristics of the coolant channels and the critical heat flux (CHF). CHF is a key factor in the determination of the Critical Channel Power (CCP), which is in turn used in the calculation of the Regional Overpower Protection (ROP) system trip setpoints to ensure that the onset of intermittent fuel sheath dryout is prevented during slow Loss of Regulation (LOR) accidents. Therefore, it is imperative to predict the PT diametral creep in CANDU reactors, which is caused mainly by fast neutron irradiation, reactor coolant temperature, and so forth.
The currently used PT diametral creep prediction model considers the complex interactions between the effects of temperature and fast neutron flux on the deformation of PT zirconium alloys [1] . The model assumes long-term steady-state anisotropic deformation using the concepts of additive separable components of in-reactor thermal creep, irradiation-induced creep (shape change due to irradiation and applied stress at constant volume), and irradiation growth (shape change due to irradiation in the absence of applied stress at constant volume) [1] . This is a mechanistic model based on measured data. However, this model has high prediction uncertainty; in particular, when the variable Effective Full Power Days (EFPDs) is large, the root mean square (RMS) errors of the prediction of PT diameters rapidly increase. Recently, a statistical error modeling method was developed using plant inspection data from the Bruce B CANDU reactor [2] . Owing to the significant effect of PT diametral creep on the safety margin in CANDU reactors, many studies have examined methods for its prediction. Notably, the Wolsung nuclear power plant has accumulated The aim of this study was to develop a bundle position-wise linear model (BPLM) to predict Pressure Tube (PT) diametral creep employing the previously measured PT diameters and operating conditions. There are twelve bundles in a fuel channel, and for each bundle a linear model was developed by using the dependent variables, such as the fast neutron fluences and the bundle coolant temperatures. The training data set was selected using the subtractive clustering method. The data of 39 channels that consist of 80 percent of a total of 49 measured channels from Units 2, 3, and 4 of the Wolsung nuclear plant in Korea were used to develop the BPLM. The data from the remaining 10 channels were used to test the developed BPLM. The BPLM was optimized by the maximum likelihood estimation method. The developed BPLM to predict PT diametral creep was verified using the operating data gathered from Units 2, 3, and 4. Two error components for the BPLM, which are the epistemic error and the aleatory error, were generated. The diametral creep prediction and two error components will be used for the generation of the regional overpower trip setpoint at the corresponding effective full power days. The root mean square (RMS) errors were also generated and compared to those from the current prediction method. The RMS errors were found to be less than the previous errors.
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There are two major operating parameters affecting PT diametral creep, the bundle average coolant temperature and the neutron fluences, especially fast neutron fluences having an energy level greater than 1 MeV [3] . Fig.1 shows the effects of coolant temperatures and fast neutron fluencies on PT diametral creep [2] . Note that the PT diameter is observed to increase proportionally to increasing fluence and increasing temperature above the reference temperature.
The aim of this study was to develop a Bundle Positionwise Linear Model (BPLM) to predict PT diametral creep, employing previously measured PT diameters and HTS operating conditions. The BPLM was optimized by the Maximum Likelihood Estimation (MLE) method. The developed BPLM to predict PT diametral creep was verified using the operating data of nuclear power plants in Korea.
BUNDLE POSITION-WISE LINEAR MODEL

Generation of a Linear Model
A linear model for predicting the PT diametral creep can be generally described as follows:
where i indicates the bundle position in a PT channel and j indicates the channel position. x1 and x2 are the normalized values of the input signals that represent the fast neutron fluence and average coolant temperature, respectively. y is the normalized value of the differential diameter, ωij = (dij -dijo) and dij is the PT diameter at bundle position i and channel j. dijo is its initial diameter. Fig.2 shows the fuel bundles in a CANDU reactor. The normalized values mean that they have a sample (measured channels) mean of zero and a sample standard deviation of one. For example, where mω is the sample mean and sω is the sample standard deviation. The parameter γij indicates the measurement 
error, which is assumed to be independent and identically normally distributed with a mean zero and standard deviation σγ. Therefore, the true normalized differential diameter is as follows:
Since the measured channels are assumed to be a random sample from the population of all 380 fuel channels in several EFPD conditions, the true normalized differential diameter y t ij can be modeled as a random value as follows:
where ai0 is a parameter that is common to the same bundle position of all channels and δj is independent and identically normally distributed with a mean zero and standard deviation σδ. δj reflects the channel-to-channel variability and is called the aleatory error [4] . Thus, a BPLM was devised, because it is expected that the bundle position affects the diametral creep. The BPLM is described as follows:
where εij = δj + γij. A similar model was proposed previously [4] . However, the previous study [2] treated this ai0 as a single value regardless of the bundle position. The proposed BPLM uses a different ai0 according to the bundle position and employs the normalized input variables differently from the previous study. Also, the training data to be used to develop the BPLM are selected using the Subtractive Clustering (SC) scheme so that training data with much information will be used to develop a better model. The estimated output (normalized differential diameter) from the BPLM at a specific EFPD condition is expressed as follows: where X is the matrix of the measured diameter data and V is the variance matrix of ε in Eq. (5) .
Since the BPLM model is developed from a random sample from the population of all fuel channels, the true diameter at a random channel is written as where δ is the aleatory error, which is independent and identically normally distributed with mean zero and standard deviation σδ and reflects the randomness in the true value of the PT diameters.
Maximum Likelihood Estimation
Since a CANDU PT channel has 12 bundles (M = 12 ), 12 BPLM are developed from n(n = M J ) training inputoutput data sets. J indicates the total number of channels. The BPLM is described as follows, and is shown in Eq. (5) Therefore, Eq. The coefficient α is calculated by Eq. (18) and Eq. (26) and is used to predict or estimate the PT diameters at a given fluence and coolant temperature.
DATA PREPARATION
The input-output data were normalized to be mean of zero and standard deviation of one before they were applied, which helps to accomplish the generalization of the input variables. Also, informative data should be used to develop the BPLM. In the following, the SC method to select the training data is introduced.
The appropriate selection of training data is very important, because the data can affect the optimization of the BPLM. The input and output training data are expected to be in the form of clusters and the data in these cluster centers are more informative than the neighboring data. A BPLM can be well trained using informative data.
It is assumed that n input/output data (zk = (xk, yk), k = 1, 2,…, n) are available and the data points are normalized in each dimension. The SC scheme begins by generating a number of clusters in m n dimensional input space, where m is the number of input variables. The SC scheme uses a measure of the potential of each data point, which is a function of the Euclidean distances to all other input data points [5] :
where rα is the radius defining a neighborhood, which has considerable influence on the potential. Obviously, its potential is high when it is surrounded by a considerable amount of neighboring data. After the potential of each data point is calculated, the data point with the highest potential is selected as the first cluster center.
In general, after determining the i th cluster center x c i and its potential value P c i, the potential of each data point is revised using the following equation:
where rβ is also the radius, which is usually greater than rα so as to limit the number of generated clusters. When the potentials of all data points have been revised according to Eq. (28), the data point with the highest potential is selected as the next cluster center. These calculations stop if the inequality P 
VALIDATION OF THE DIAMETRAL CREEP PREDICTION MODEL
The data used consisted of a total of 588 input-output data pairs taken from Units 2, 3, and 4 (U2, U3, and U4) of the Wolsung nuclear plant. These data were acquired at 1501, 1944, and 3256 effective full power days (EFPDs) from Unit 2, and 1324 and 2183 EFPDs from Unit 3, and 937 and 2154 EFPDs from Unit 4. In this study, all Units are considered to have the same type (material and composition) of pressure tubes. The data of 39 channels, which account for 80 percent of the total of 49 measured channels from Units 2, 3, and 4, were used to develop the BPLM. The channels of the training data were selected by the SC scheme. The data from the remaining 10 channels were used to test the developed BPLM models. The model parameter estimations of 12 BPLM models for each bundle position are given in Table 1 . Table 2 provides the root mean square (RMS) errors and maximum errors according to the bundle positions. The error is the largest in bundle position 10. Table 3 summarizes the uncertainties of the BPLM. A testing dataset usually gives relatively larger errors than the training data set. Since the input/output data positioned in the cluster centers have more information and were used to develop the BPLM (training data), the data points that are slightly distant from the cluster centers are more likely to become the test data, which means that the data points are difficult to model. Therefore, the errors of the test data can be larger than those of the training data.
The PT diameters estimated by the current design model were provided at 1500, 3000, 4500, 6000, and 7500 EFPDs, and the measured PT diameters were provided at some channels at 1501 EFPD (approximately 1500 EFPD), 1944, 3256, and so forth. Therefore, both the measured and estimated diameters (by the conventional method and the BPLM) were given at 1500 EFPD alone so that the prediction errors could be calculated. Table 4 provides the prediction errors from the BPLM and the current design method which is based on mechanistic phenomena of the diametral creep. According to the results provided in Table 4 , the prediction errors are small compared to those from the current design method. Table 5 compares the uncertainties by the uncertainty analysis scheme that the current design method utilizes. The developed BPLM is superior to the current design model. Fig. 3 shows the estimated diameters according to EFPD and 12 bundle positions at 4 different channels. This figure shows reasonable trends wherein the estimated diameter increases accordingly as the EFPD increases. Fig. 4 shows the estimated channel-maximum PT diameters versus EFPD at channels A11 and L09. The proposed BPLM provides detailed estimations at an operating time point for specific channels. Fig. 5 shows the prediction intervals for test data, calculated by Eq. (23). Only one of 120 measured data points exceeds the prediction interval, meaning that 99.2% of the test data is covered by the prediction interval. The prediction interval is determined at a 95% confidence interval. It is known that the prediction interval has a sufficient margin. Fig. 6 shows the uncertainties as a function of the fast neutron fluence and the average coolant temperature. The epistemic errors are much higher at some fluences and coolant temperatures. These appear to be caused by measurement errors. In this study, 49 channels of data were used for model training and testing. The BPLM, which is based on these data sets, can produce accurate estimated PT diameters, as shown in Tables 4 and 5 . In the future, if more measurement data are taken from the plants, the model can be improved with these additional data. On the other hand, the conventional method cannot guarantee the current prediction accuracy in the future. For this reason, Bruce B plants chose a data-based model instead of the conventional method for prediction of PT diameters. 
CONCLUSIONS
In this paper, a BPLM was developed to predict the PT diametral creep rate in CANDU reactors. Bundle position-wise biases were proposed in order to reduce prediction errors. The BPLM was developed using a data set (39 channels' data) prepared for training, and was tested using test data sets (10 channels' data) that differed from the training data. The SC method was also proposed to select the training data. The RMS errors of the PT diametral creep by the BPLM were less than those by the current design methodology. Uncertainty analysis results show that acceptable results are obtained, as the coverage exceeds 95%. Therefore, the BPLM can be considered to be reliable based on these results.
In summary, a BPLM, which is based on a data based model, with the MLE technique to optimize the model parameters, is proposed for predicting the diameter of PT. The proposed BPLM with the MLE method has better capability for predicting the diameter of PT compared to the current mechanistic method.
